A novel four-color beam smoothing scheme with a capability similar to that planned for the proposed National Ignition Facility has been deployed on the Nova laser, and has been successfully used for laser fusion experiments. Wavefront aberrations in high power laser systems produce nonuniformities in the energy distribution of the focal spot that can significantly degrade the coupling of energy into a fusion target, driving various plasma instabilities.
Introduction
Since 1986, optical smoothing of the laser irradiance on targets for Inertial Confinement Fusion (ICF) has gained increasing attention. 15 Optical smoothing can significantly reduce wavefront aberrations that produce nonuniformities in the energy distribution of the focal spot. Hot spots in the laser irradiance can induce local self focusing of the light, producing filamentation of the plasma. Filamentation can have detrimental consequences on the hydrodynamics of an ICF plasma, and can affect the growth of parametric instabilities, as well as add to the complexity of the study of such instabilities as stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS).'0 As experiments approach and exceed breakeven (i.e., where driver energy = fusion yield), the likelthood of significant excitation of these processes increases. As a result, we are including a scheme for implementing optical-beam smoothing for target experiments in the baseline design for the proposed next-generation ICF facility-the National Ignition Facility (NJF).'1 To verify the efficacy of this design for the suppression of parametric instabilities in NIF-like indirect-drive targets, we successfully modified a Nova beamline to simulate the proposed NIF conditions. In this article, we discuss the laser science12 associated with a four-color target campaign on Nova to test the effect off-number (ratio of focal length to beam diameter) and temporal smoothing on the scaling of SBS with a four-segment interaction beam using NTF-like parameters. The results of the target series associated with the four-color configuration are discussed elsewhere.115
The NIF1' design has four beamlets per beamline, which overlap to form an effectivef/8 beam focus. Each beamlet is smoothed by a random phase plate (RPP). RPPs consist of many randomly distributed on/off phase elements deposited on a fused-silica substrate.16'17 The focal-plane intensity distribution resulting from focusing light through a bilevel RPP consists of an overall envelope, modulated by fine-scale spatial structure within that envelope. The envelope is produced by diffraction from a single-phase element, and the fine-scale structure, or speckle, is due to the superposition of the diffraction patterns from each of the phase elements. The speckle size corresponds to the diffraction limit of the full-aperture beam incident on the RPP. Because speckle size increases with f-number, an f/8 beam should filament more than the f/4.3 beams on Nova.18'19 Simulations indicate that SBS reflectivity increases due to filamentation, with a total gain greater than calculated for a uniform laser intensity. SBS reflectivities >10% may unacceptably degrade target performance by disrupting symmetry or reducing the energy available for radiation heating. The introduction of temporal and spatial incoherence over the face of the beam using techniques such as smoothing by spectral dispersion (SSD)1 or induced spatial incoherence (151) reduce the rms-intensity variations in the laser irradiance when averaged over a finite time interval, providing temporal smoothing. Temporal smoothing makes filamentation less likely because the filament must form before the hot spot moves to a different location. Figure 1 is a schematic of the SSD technique. Broadband light, produced in this case by electro-optic phase modulation (FM), is spectrally dispersed by a grating, and then amplified, frequency converted, and focused through an RPP on to a target. Each distinct frequency component produces a speckle pattern, resulting in a superposition of many speckle patterns. Since each frequency propagates at a different angle through the phase plate, the speckle patterns spatially shift as a function of frequency. As the frequencies change throughout the length of the pulse, the rapidly fluctuating interference of the displaced speckle fields for the different spectral components causes the irradiance to appear smooth on a time-averaged basis. The most effective beam smoothing is obtained when the speckle field for each spectral component is spatially shifted at the target plane by at least one-half speckle diameter, d112 = L22Xf/D, where D is the beam diameter on the phase plate, A is the third harmonic (3w, 351 nm) wavelength, andfis the focal length of the lens.4 This level is achieved when the 3w dispersion at the output aperture is fixed at d9/dv = d112/f.v in rad/Hz, for a specified spacing between spectral components, 6v, and speckle size, d112. The time-integrated smoothness, a/I, is defined as the spatial rms-intensity variance normalized to the average at the target plane. The smoothness is equal to 1 1'i , where N is the number of decorrelated speckle fields superimposed at each point on the target. The effective time-integrated smoothing level for spectrally dispersed beams can be approximated by
where v is the effective separation between independent spectral components in Hz, 'r is the coherence time in seconds (inverse of the frequency-converted bandwidth), and dO/dy is the spectral dispersion at 30 in rad/Hz. For optimal dispersion, N is the total number of spectral components in the beam and v is the modulation frequency of the electrooptic phase modulator. Instantaneously, /I 1 due to basic Rayleigh speckle statistics, but this value decreases rapidly as the irradiance variations are averaged over time. The initial smoothing occurs on a time scale proportional to 1 It, reaching the asymptotic level given by Eq. (1) in a time determined by lIöv. The initial onset of smoothing is delayed due to the spatially varying time delay across the beam imposed by the grating (i.e., a delay of &Ic per illuminated grating line). This time delay t is proportional to lIöv, and therefore N is proportional to &/t.
In the case of m beamlines, each with a different central frequency and n decorrelated FM components per beamline,
The value of D in Eq.
(1) becomes the individual beamlet diameter, and the coherence time 'C is proportional to 1 I'-v, where \v is the total bandwidth of the four FM-modulated central frequencies. With a fourcolor segmented beam, as used in the current Nova experiments, the superposition of the four narrowband speckle fields should produce a smoothing level of 50% (a/I = 0.5) at the target plane. Since all four colors are present simultaneously throughout the pulse, the asymptotic level is achieved within a few picoseconds. The smoothing rate is proportional to the number of beamlines and is unaffected by the grating time delay, 6t. The resulting pattern fluctuates with a periodicity determined by the narrowest frequency separation. The addition of FM bandwidth to the four-color beam allows additional temporal smoothing by creating many additional decorrelated speckle fields. This smoothes very rapidly due to the wide overall bandwidth. The rate of four-color beam smoothing with FM bandwidth and spectral dispersion is four times faster than one-color FM smoothing, assuming the same bandwidth per beamline, reaching a 50% lower /I at the samef-number per beamlet.
One of the primary limitations on previously used beam-smoothing techniques is the reduced frequency conversion efficiency to the third harmonic due to bandwidth.2° High-efficiency frequency tripling can be achieved only over a narrow spread in wavelength for a given crystal phase matching condition; thus to remain within 10% of the maximum conversion efficiency, the input bandwidth should be limited to -O.2 nm, or 6O GHz. However, while beam smoothness is strongly dependent on both the amount of dispersion and spectral bandwidth used, the larger the bandwidth (i.e., the shorter the coherence time), the more rapidly the structure changes, and the more rapidly the time-averaged intensity smoothes. The NIF design can simultaneously achieve high third-harmonic conversion efficiency with broad bandwidth for rapid smoothing. The NIF is proposed to have four beamlets focused to a single spot per beamline, each with a different frequency and separated by 1 mrt. Each individual beanilet will have a bandwidth of only 0.25 nm, allowing high-efficiency frequency tripling. The superposition of four beamlets with different frequencies wifi produce the wide overall-spectral width required for good temporal smoothing.
To simulate the N[F configuration, a Nova beam was modified to have anfl8 geometry with a segmented four-quadrant beam. We developed a multifrequency bandwidth source that is spatially separated into four quadrants, each containing a different central frequency separated by up to 0.88 nm. Each quadrant is independently converted to the third harmonic in a four-segment Type I/Type II potassium dihydrogen phosphate (KDP) crystal array with independent phase matching in each quadrant for efficient frequency conversion of the four frequencies. In addition, a limited amount of band- 2. Four-Color Implementation on Nova Significant modifications to the oscillators, mid-chain optics, SSD table, frequency-conversion arrays, laser diagnostics, target diagnostics, and final focus lens allowed implementation of four-color capability on Nova, as shown in Fig. 2 . To perform target experiments, the four-color input spectrum must be stable to in energy, with frequency jitter <0.0019% and be reproducible from shot to shot. Energy balance between the four quadrants must be better than at 1w and at 3w. The composite beam is required to have >2 x 1015 W/cm2 at the third harmonic in a 500-pm-diam focal spot. This section describes the modifications required to meet these conditions and the overall laser performance of the four-color system. 
Four-Color Bandwidth Source
Four-color target experiments required the development of a four-color laser source with a bandwidth capability similar to that planned for the NIF. The technique chosen to provide the four discrete frequencies is based on the nonlinear mixing of two frequencies in an optical fiber. Two photons at the pump frequencies are annihilated to create two photons at frequencies shifted toward the blue and red sides.21' These newly created spectral components result in selfphase modulation (SPM)-induced broadening of the pulse. The phase shift incurred by propagation through the fiber is proportional to the fiber length L and the pulse intensity I, and the number of sidebands generated is linearly proportional to this phase shift. The number of lines generated is controlled by changing the pump intensity into the fiber, while the separation between frequencies is varied by tuning the frequencies of the oscillators. This technique produces a broad comb of discrete single-mode frequencies (up to -4O lines), which can be spectrally separated to provide a tunable single-frequency source.
We produce the two-frequency input to the fiber by etalon-tuning two single longitudinal mode, Q-switched neodymium-doped yttrium lithium fluoride (Nd:YLF) oscillators23 to 1053.23 nm and 1052.79 nm, respectively. The measured frequency variation of each oscillator is <0.0016%. The output beams are temporally and spatially overlapped, shortened to a 15-ns nominally square pulse and coupled into a single-mode polarization preserving fiber. The spectrally integrated beam energy is recorded at the input and output of the fiber. The time-integrated and timeresolved output spectra and spectrally integrated pulse shape are also recorded. Time-integrated spectral measurements, like the example shown in Fig. 3(a) , indicate that the energy content of the central spectral lines remains constant to within as the input energy increases and the spectrum broadens. The amplitude between lines varies <±10%, while the output energy of the integrated spectrum varies <±3% from shot to shot. A maximum spectral width of 14-nm full-width at half maximum (FWHM) is obtained by this technique. The ternporal buildup of the SPM spectrum, shown in Fig. 3(b) , reflects the change in pulse intensity caused by the 4 ns rise and fall time of the input pulse. The central 3-5 ns section of the 15-ns pulse is nominally flat in time across the generated spectrum. A temporally uniform 1-ns slice is selected from the center of that section by the main pulse shaping system in the Master Oscillator Room (MOR), then shaped to precompensate for square-pulse distortion later in the laser chain.24'25 The time-resolved spectra shown in Fig. 4 demonstrate that each spectral component is stable on the time scale required for four-color experiments for low-and high-energy input to the fiber.
To produce the main pulse for the other nine Nova beams, we split off a percentage of the energy in one of the frequencies before it enters the fiber, as shown in Fig. 2 . The split-off pulse is then re-injected into the main beam path before it enters the temporal pulse shaping system. Following spectral and temporal shaping, the beam propagates through a double-pass electro-optic phase modulator, which allows the addition of 0.2 nm of FM bandwidth to each frequency component to provide SSD. The time-resolved spectrum of the FM-modulated pulse is shown in Fig. 4(c) . Since both the multifrequency and single-frequency beams share this beam path, FM bandwidth is present on all ten Nova beamlines when the modulator is active.
Grating Separator
The multifrequency beam from the MOR is amplified in the preamplifier section of Nova, where its energy increases to several Joules before being routed to the appropriate beamline. The time-multiplexed multifrequency and singlefrequency beams are separated into different beamlines by a Pockels cell/polarizer combination in the preamplifier section. The multifrequency pulse is directed to beamline 7 (BL7), which contains the wavelength separation optics, Intensity while the single-frequency pulse is sent to the other nine beamlines via beam splitting and delay optics. The four-color separation optics in BL7 introduce sufficient delay, relative to the other arms, to allow all pulses to arrive simultaneously at the target.
We modified the existing SSD table2 in BL7 to accommodate the four-color separation optics. These optics, shown schematically in Fig. 5 , convert the single multifrequency beam into a four-quadrant beam with one frequency per quadrant. The system is equivalent to four monochrometers sharing a common output slit; as a result, the four output beams are coincident and parallel. This "multichrometer" consists of a four-segment grating array followed by a 1:1 relay with the slit at the focal plane. The image of the grating array is relayed to the output plane where the wavelength of each segment is selected by independently angle tuning each grating. The unwanted frequencies in each segment are blocked by the slit. A charge-coupled device (CCD) camera imaging the slit monitors the unselected frequency components, allowing alignment of the grating components before each shot. A spectrometer after the slit provides a record of the four-color output spectrum.
The gratings separate each of the four main frequency components with up to 0.3 nm of FM bandwidth per frequency by more than the focal spot size, allowing passage through the slit without interference from adjacent frequencymodulated bandwidth components. In addition, sufficient dispersion is used to separate each frequency-modulated bandwidth component at the target by at least one-half speckle diameter to achieve optimal beam smoothing. We chose Figure 5 . Schematic of the special optics installed in the four-color beamline to convert the single multifrequency beam into a four-quadrant beam with one frequency per quadrant. In the output plane, the wavelength of each segment is selected by independently angle-tuning each grating. The unwanted frequencies are blocked by a slit at the focal plane. The beam shape is preformed into a heart-shaped design before the grating array, which diffracts into a circular beam due to the grating configuration. 1800 line/mm gratings with a dispersion of 5.64 x iO rad/nm at 1053 nm to meet these constraints. The gratings used in the array were fabricated in-house to obtain the highest possible diffraction efficiency and damage threshold.26 To reduce the temporal delay of the pulse front across the beam, the gratings are arranged in a "V" configuration. This reduces the temporal skew from 600 to 300 ps, producing a chevron-shaped temporal distortion across the face of the beam, symmetric about the horizontal midline. The non-Littrow grating configuration produces a geometric distortion that is corrected with a four-quadrant heart-shaped apodizer, as shown schematically in Fig. 5 . This preforms the beam into a heart-shaped design before the grating array, which then diffracts into a circular beam.
To compensate for unequal SPM sideband amplitudes, the line shape of the amplifier gain, and other spectral inhomogeneities, we independently adjust the energy in each segment to achieve an equal distribution of energy at the target.
To balance the quadrant energies, a four-quadrant array of absorbing filters, adjustable in 5% increments, is placed before the grating. Rod shots, in which only the preamplifier section fires, are used to balance the energies between the quadrants. Using this method, better than energy balance at 1w and at 3o is routinely achieved.
Frequency Converter
The full-aperture 2 x 2 frequency conversion array, shown in Although the area provided by the four 27-cm crystals is smaller than the full Nova aperture (--8O%), the energy on target is sufficient for fourcolor target experiments. We chose the crystal separation to maximize the beam area (-2600 cm2), compatible with the beam apodization on the grating separation table. Once installed and aligned, a rocking curve was performed to tune the array for maximum performance. This four-color array design achieves up to 65% 3w conversion efficiency, providing up to 2.3 kJ on target.
Four-Color System Performance

ho Propagation Experiments
We performed a series of 1o propagation tests to assess various issues associated with the propagation of a multifrequency beam through the Nova preamplifier section. The energy and near-field image of the unsegmented multifrequency beam are recorded midway through the Nova preamplifier section. The characteristics of the 1o segmented four-color beam are recorded in the input sensor immediately following separation, and again in the output sensor package before conversion to the third harmonic. The output sensor diagnostics include near-field photography of the spatially separated four-color beam, measurement of the integrated beam energy via calorimetry and diode measurements, and measurement of the integrated pulse shape of the full beam. The energy in each frequency is determined by SP!E Vol. 2633 /221 Figure 6 . Photograph of the four-color frequency conversion array.
integrating the fluence in each quadrant of the output sensor near-field camera. A 1-m spectrometer provides a timeintegrated spectrum of the full beam. In addition, an array of four photodiodes records the pulse shape of the individual frequencies.
We observe substantial spectral gain narrowing of the SPM spectrum in the Nova chain. Amplification (gain -1021) reduces the unamplified SPM spectrum shown in Fig. 3(a) from -9.8 nm FWHM to the -2.1 nm FWJ-IM spectrum shown in Fig. 7(a) . This results from spectral gain narrowing produced by the 2.15-nm FWHM fluorescence line width of Nd:glass28 and bandwidth limiting components in the laser chain. As the extraction frequency moves off the peak of the laser glass fluorescence spectrum, the gain coefficient decreases. Thus, to maintain a constant output fluence from the amplifier chain, the input energy must increase to compensate for the reduction in gain off the peak. Experimental measurements show that although the gain and saturation fluence differ for each wavelength as expected, the differences in square pulse distortion are minimal. We performed small-signal gain measurements for the multifrequency spectrum by propagating low-power shots through the laser chain without firing the disk amplifier section. These measurements indicate that the maximum bandwidth that can be supported by the Nova chain is -3 nm. At maximum bandwidth, it is necessary to keep the energy in the preamplifier section below the fluence threshold for self-focusing and other nonlinear interactions.
For the first four-color target series, we chose a 0.44-nm separation between the four selected frequencies. The intensity propagated through the optical fiber was reduced to allow the generation of only six lines, as shown in Fig. 7(b) . The four lines selected on the grating table are centered on the peak of the Nd:glass gain curve to maximize the gain in the amplifier chain, producing 6 kJ at 1w in 1 ns. Figure 7 (c) shows the 8-line spectrum propagated to the grating array for subsequent target experiments. For these experiments, the four-color gratings were tuned to select four colors shifted off the peak of the gain curve. Four colors with a maximum separation of 0.88 nm can be obtained by selecting alternate lines in the SPM spectrum shown in Fig. 7(a) , with sufficient 3w energy to perform target experiments simulating the NIF frequency separation. Figure 8 compares the pulse shape of each frequency at the source and the output of the laser chain for a 0.44-nm separation between the four colors. The pulse shapes for each frequency at the source, shown in Fig. 8(a) , are comparable to within the diagnostic background noise. In Fig. 8(b) , the four-quadrant output-diode traces show that three of the pulses lie on top of each other, while the fourth shows a slight difference in contrast ratio, consistent with the higher output fluence in this quadrant. At this fluence and line separation, it is possible to balance the 1co energy between the four quadrants to better than with temporally smooth pulses to within the diagnostic resolution. Figure 9 shows a representative near-field image of the 1u beam taken with the output sensor diagnostic CCD camera. 
Four-Color Beam Smoothing
The two-beam laser diagnostic station (TBLDS)29 was used to characterize the beam smoothing properties of the fourcolor irradiance. We used a 3.3-mm-diam, square element phase plate with the standard Nova f/4.3 focal geometry to produce approximately the same size focal spot (550 pin) as thef/8 geometry in the 10-beam chamber. The near-field, far-field, and expanded far-field images; temporal profile, energy and spectra were recorded in the TBLDS following frequency conversion to the third harmonic. Figure 10 Fig. 10(a) demonstrate the need for beam smoothing. The far-field image of a single-frequency beam with the RPP in Fig. 10(b) shows that the intensity structure is broken up into a homogeneous well-controlled speckle pattern. This pattern remains static throughout the pulse length. The normalized rms variance of the focal irradiance, cr/I, is -O.79 for this image. This is less than the theoretical predicted value of one for a single speckle pattern, but consistent with previous measurements on Nova and e1sewhere.20' This may be an indication that some polarization smoothing is occurring due to birefringence in the focus lenses. In Fig. 10(c) , the pattern produced by the four-color beam shows the smoothing obtained by superposition of four independent speckle patterns, with the significant residual speckle structure expected from the limited number of static patterns. The four-color beam produces a time-integrated smoothing level of oil 0.25, in contrast to the theoretically predicted value of /I =0.50.
The reduced /I may be associated with the effects seen in Fig. 10(b) . Also note that the intensity-length product for these experiments exceeds the threshold for stimulated rotational Raman scattering in air by 25%,31,32 as observed experimentally. The chromatic dispersion of this additional bandwidth by the additional optics used to direct the beam to the TBLDS may also contribute slightly to the lower /I measured on this shot. at 1o, 324 GHz at 3o. There is sufficient dispersion to decorrelate each FM component of this spectrum at the target plane (0.21 prad/GHz at 3w). These values represent the maximum bandwidth/dispersion that can be propagated through the Nova chain with decorrelated spectral components without clipping in the spatial filter pinholes. The smoothing rate, (thy/dt)/*, reaches a peak rate of 0.11 ps1 in 2-3 ps, comparable to the inverse of the total bandwidth, as shown in Fig. 12(a) . The intensity cross-correlation between the speckle field at a given time and the initial speckle field drops from 1.0 to a value near zero in the same 2-3 ps [ Fig. 13(a)] . The normalized smoothing level, , drops from near unity to 0.707 in the first 2-3 p5, and to 0.5 in 8-10 ps, as shown in Fig. 14(a) . It reaches an asymptotic level of -0.15 after 1 ns, consistent with time-integrated smoothing levels previously measured on Nova under these conditions.20 Figure 11 (b) shows the 3o output spectrum for a four-color beam with frequencies separated by 136 GHz at 1w, or 405 GHz at 3a. Figure 11(c) shows the same four-color spectrum, but with 54 GHz of lo FM bandwidth (162 GHz at 3w) added to each of the four colors. We use a spectral dispersion of 0.29 prad/GHz at 3w in the simulations, corresponding to the value used in the four-color experiments on Nova. Figures 12(b) and (c) show the initial smoothing rate for four-colors alone is five times faster than for the single-color FM bandwidth case in Fig. 12(a) . A peak rate of 5 ps1 is achieved in less than ips, corresponding to the inverse of the total frequency spread of 1.2 THz, reaching c =0.5 within 2.5 ps. The speckle field initially decorrelates in <1 p5, but the cross-correlation returns to unity at every beat period of the closest frequency spacing (405 GHz), and the field repeats every 2.47 ps [ Fig. 13 smoothing rate is very high, once c reaches 0.5, as expected for the sum of four independent speckle fields, no further smoothing is obtained, as shown in Fig. 14(b) . With the addition of FM bandwidth to each of the four colors, the initial high smoothing rate is still achieved {Fig. 12(c)], but the integrated smoothing level continues to decrease rapidly, reaching an asymptotic value of 0.08 in a few tens of picoseconds [ Fig. 14(c) ]. Since the overall spectrum is not continuous, the intensity cross-correlation shows secondary and tertiary peaks at times related to the beat frequencies of the principal four colors; however, these peaks are significantly damped within 8-10 ps, reducing in magnitude over one FM period when all frequency components are available for smoothing [ Fig. 13(c) ]. The combination of four colors with FM bandwidth provides both a rapid initial smoothing level and effective time-averaged beam smoothing at the target plane.
3(L) Four-Color Performance
To simulate the f/8 geometry proposed for the NIF, we retrofitted the four-color beamline to accommodate an f/8 target chamber lens on the 10-beam chamber. The incident beam diagnostic (IBD) is used to diagnose the 3o performance of the four-color system.33 The TED records the spatially integrated 3e energy, the near-field image, and the temporal pulse shape integrated over all four quadrants. Figure 15 shows a representative near-field image of the 30) beam taken with the IBD CCD camera. The energy in the four quadrants is balanced to better than After installation on the 10-beam chamber, the four-color KDP array was rocked ad to establish the best tuning coordinates, achieving a 3w array efficiency of up to 65%. This delivers up to 2.3 kJ at 3w in 1 ns to the target. In addition, since the standard master oscillator is tuned 0.22 nm off Nd:YLF line center to produce the four-color beam, the pulse to the other nine arms is also shifted in frequency. Thus, the KDP arrays on the other nine arms of Nova are appropriately tuned to compensate for this shift. with a peak intensity of 2 x 1015 W/cm2 for target experiments. To determine the effectiveness of the four-color system Figure 15 . Representative near-field image of the 3w in controlling instabilities in NIF-like plasmas, the Full-beam taken with the incident beam diagnostic CCD Aperture Backscatter Station was used to measure the spatial camera in the 10-beam chamber area. The 3w energy in distribution of the backwards propagating SBS from a target each of the four quadrants balances to better than 17%.
in each of the four beam quadrants, as well as the wavelength-resolved temporal evolution of the SBS in each quadrant. Measurements show that the four-color system produces <1% SBS backscatter at >2 x 1015 W/cm2 when used to probe NIF-like plasmas. Further details of the plasma physics experiments performed using the four-color system are described elsewhere)t5 SPIE Vol. 2633 / 227
